Hyperglycemia and long duration of diabetes are widely recognized risk factors for diabetic retinopathy, but inherited susceptibility may also play a role because retinopathy aggregates in families. A genome-wide linkage analysis was conducted in 211 sibships in which >2 siblings had diabetes and retinal photographs were available from a longitudinal study. These sibships were a subset of 322 sibships who had participated in a previous linkage study of diabetes and related traits; they comprised 607 diabetic individuals in 725 sibpairs. Retinal photographs were graded for presence and severity of diabetic retinopathy according to a modification of the Airlie House classification system. The grade for the worse eye was adjusted for age, sex, and diabetes duration and analyzed as a quantitative trait. Heritability of diabetic retinopathy in this group was 18% (95% CI 2-36). A genome-wide linkage analysis using variance components modeling found evidence of linkage on chromosome 1p. Using single-point analysis, the peak logarithm of odds (LOD) was 3.1 for marker D1S3669 (34.2 cM), whereas with multipoint analysis the peak LOD was 2.58 at 35 cM. No other areas of suggestive linkage were found. We propose that an area on chromosome 1 may harbor a gene or genes conferring susceptibility to diabetic retinopathy.
D
iabetic retinopathy, a common and serious complication of diabetes (1) , is one of the leading causes of blindness (2) . Many risk factors for diabetic retinopathy have been identified, including poor glycemic control, hypertension (3), albuminuria, and diabetes duration (4 -7) . Retinopathy is also familial. A study of identical twins found a concordance for diabetic retinopathy in 21 of 31 pairs with type 1 diabetes (68%) and in 35 of 37 pairs with type 2 diabetes (95%) (8) . In the Diabetes Control and Complications Trial cohort, the odds ratio (OR) for severe retinopathy when a relative had retinopathy was 3.1 and the pairwise correlation for retinopathy grade was 0.187 for family members (9) . In a cohort with type 2 diabetes, the OR for any grade of retinopathy for siblings of subjects with retinopathy was 4.3 (10) . More recently, in a study of retinopathy among Mexican-American families, no significant difference was found for the presence of any retinopathy according to the presence of retinopathy in a sibling, but there was a significant OR for the presence of severe retinopathy (11) .
To date, however, no specific genetic loci influencing susceptibility to diabetic retinopathy have been identified. Candidate gene studies have, for the most part, reported conflicting results (12) , and there have been few genomewide studies. Our group previously conducted genomewide linkage analysis for retinopathy in diabetic Pima Indians who had participated in a linkage study designed to identify loci for diabetes and obesity (13, 14) . The results of this analysis showed only weak evidence for linkage on chromosomes 3 and 9 (13) . However, the analysis was conducted by assessment of allele sharing among sibling pairs affected by retinopathy, and quantitative information on retinopathy severity was not used. Furthermore, at the time this preliminary analysis was conducted, retinal photographs were only available on a relatively small subset of participants. In the present study, genome-wide linkage analyses were conducted for participants with updated retinal photographs of quantitative retinopathy severity scores.
RESEARCH DESIGN AND METHODS
Data for the present analysis come from an ongoing longitudinal study among the Pima Indians of the Gila River Indian Community in central Arizona. Community residents are invited to undergo examinations at intervals of 2 years from the age of 5 years onward. These examinations include measures of BMI, blood pressure, plasma glucose, and A1C. Albumin-to-creatinine ratio was measured in a spot urine specimen. Diabetes was diagnosed on the basis of a 75-g oral glucose tolerance test according to World Health Organization criteria (15) or a previously documented clinical diagnosis. All participants Ն15 years old have retinal photographs taken through dilated pupils (two standard 45°fields for each eye) using a Canon CR4 -45NM fundus camera, centered at the optic disk and at the macula. When subjects attended multiple examinations over the course of the study, the examination closest to a person having a 10-year duration of diabetes was selected.
A genome-wide linkage scan was previously performed on 1,311 individuals selected from the longitudinal study in 332 nuclear families potentially informative for linkage with diabetes and related traits (14) . For the current analyses, siblings from the genome-wide linkage group with a diagnosis of diabetes and graded retinal photographs (n ϭ 607) were selected. The retinal photographs were graded in a standardized manner without knowledge of clinical details according to a modification of the Airlie House classification system and a modification of the Early Treatment of Diabetic Retinopathy Study severity system of diabetic retinopathy, which assigns a numeric score to each eye (Table 1) (16) . A mean retinopathy score was calculated for each subject [(score in right eye ϩ score in left eye)/2]; when only one eye was gradable, the score for that eye was taken as the mean score. In addition to the mean score, the score for the worse eye was also analyzed. Although these traits were highly correlated (r ϭ 0.98), we analyzed both traits because the worse eye score may represent an individual's susceptibility to retinopathy, whereas the mean score may represent the precise estimate of the current level of retinopathy.
The traits (mean retinal score and worse eye score) for each individual were adjusted for age, sex, and diabetes duration using linear regression. To ensure that the assumption of multivariate normality was met, which is required for the genetic analyses, the residuals from the regression analyses were then normalized with an inverse Gaussian transformation before analysis. Variance components methods were used to calculate heritability (i.e., the proportion of variance potentially due to the additive effects of genetic factors) (17, 18) . CIs for the heritability were calculated by a systematic exploration of the likelihood surface (19) . To further assess the extent of familial aggregation according to severity of retinopathy, the prevalence of retinopathy or varying severity was assessed in siblings of an "index" individual according to the presence or absence of retinopathy in the index sibling (the oldest [i.e., first born] diabetic sibling in each sibship was taken as the index). Thus, ORs of retinopathy in siblings were calculated using logistic regression models for varying levels of retinopathy using the retinopathy level (worse eye grade Ն 21, "any retinopathy"; worse eye grade Ն 31, "moderate nonproliferative diabetic retinopathy or more"; or worse eye grade Ն 60, "proliferative diabetic retinopathy") for the older sibling as the risk factor for a corresponding degree of retinopathy in the younger siblings. These models were adjusted for age, sex, and diabetes duration of the younger sibling and were fit by generalized estimating equations to account for correlation among siblings from the same family. Genome-wide linkage analysis. A total of 516 autosomal microsatellite markers were previously typed in a genome-wide linkage scan (14) , of which 503 were typed in the laboratory of J. Weber at Marshfield Medical Research Foundation (20, 21) , and 13 were typed at Glaxo-Wellcome. For duplicate samples, the median rate of agreement was 97%, and no marker had an agreement rate Ͻ90%. Markers were checked for Mendelian errors, and genetic distances were determined (22) . For each marker, the method of Curtis and Sham (23) was used to estimate identity by descent (IBD) for each sibling pair. For multipoint analyses, the method of Fulker and Cherny (24) was used to calculate multipoint IBD estimates in intervals of 1 cM across each chromosome. Variance components methods were used to assess linkage across the whole chromosome (17, 18) . These methods involved fitting a linear mixed model to estimate the trait mean () and three components of variance. Variance was partitioned into 1) an additive "monogenic" component linked to the region of interest ( M 2 ), 2) a "polygenic" component that incorporated overall familial effects ( G 2 ), and 3) an "environmental" component that incorporated effects unique to the individual ( E 2 ). Assuming no recombination between the trait and the marker loci, the phenotypic variancecovariance matrix (⍀) for individuals in a pedigree can be represented by the formula:
where ⌽ is a matrix of the expected proportion of alleles shared IBD, ⌸ is a matrix of the estimated proportion of alleles actually shared IBD for a particular marker, and I is an identity matrix. The likelihood ratio test was used to assess the hypothesis of no linkage at a given location ( M 2 ϭ 0) against the alternative of linkage ( M 2 Ͼ 0). For presentation purposes, this test is shown as a logarithm of odds (LOD) score. All statistical analyses were performed using SAS (SAS Institute, Cary, NC).
RESULTS
From 211 families, 607 subjects were identified, giving a total of 725 sibpairs. The majority of families (n ϭ 110) contributed one sibpair to the analysis, but up to nine siblings from a single family were included (Table 2) . Excluding the larger families (Ն7 siblings) from the analyses did not appreciably change the results, so the findings for the whole set are presented. Subject characteristics are shown in Table 3 , and the distribution of retinopathy grades are shown in Table 4 . Retinopathy grade was strongly correlated with diabetes duration (r ϭ 0.49 for the worse eye score, r ϭ 0.50 for the mean eye score) and with albumin-to-creatine ratio (0.40 for the worse eye score, r ϭ 0.41 for the mean eye score), A1C (r ϭ 0.23 for both worse eye score and mean eye score), diastolic blood pressure (r ϭ 0.22 for the worse eye score, r ϭ 0.23 for the mean eye score), systolic blood pressure (r ϭ 0.17 for the worse eye score, r ϭ 0.18 for the mean eye score), and age (r ϭ 0.13 for the worse eye score, r ϭ 0.14 for the mean eye score). BMI was negatively correlated with retinopathy grade (r ϭ Ϫ0.30 for the worse eye score, r ϭ Ϫ0.31 for the mean eye score). All correlation coefficients shown are Spearman correlations and P Ͻ 0.01 for each.
The heritability of retinopathy in this sample for the worse eye score was 18% (95% CI 2-36), and for the mean eye score, the heritability was 16% . For each family, the retinopathy grade in the first-born sibling (n ϭ 211, 123 with worse eye grade of 10, 15 with worse eye grade of 21, 61 with worse eye grade of 31-41, and 12 with worse eye grade of Ն51) was used as a risk factor for younger All points where the LOD score exceeded 1 (locusspecific P Ͻ 0.03) are shown in Table 5 for the single-point linkage analyses. The strongest evidence for linkage was on chromosome 1 with marker D1S3699 for both the worse eye score and the mean eye score. Results of single-point and multipoint analyses for all chromosomes are shown in Fig. 1 for the worse eye phenotype. Findings were similar for the mean eye score phenotype. In the multipoint analysis, the peak LOD score was on chromosome 1 at 35 cM for both the worse eye and mean eye score phenotypes. The peak multipoint LOD was 2.58 for the worse eye and 1.94 for the mean eye score. No other chromosomal regions showed evidence of linkage for retinopathy with LOD Ͼ1.
DISCUSSION
Both twin studies (8) and familial aggregation studies (9, 10) show evidence for genetic susceptibility to diabetic retinopathy. The heritability estimate in the present study shows a modest level of familial aggregation in this population that was significantly different from 0, suggesting a genetic role in the development and/or progression of retinopathy.
The majority of studies on the genetics of diabetic retinopathy have focused on a candidate gene approach. The results of such studies have thus far been somewhat inconsistent, which may reflect, in part, the differing definitions for the phenotype used and the different populations included in the studies. The present genome-wide linkage analysis used variance components modeling to identify the areas of linkage for diabetic retinopathy. This method uses quantitative information about the degree of retinopathy from all siblings. The results showed suggestive evidence for linkage to chromosome 1p36. Genes that have shown evidence of association with any degree of retinopathy among candidate gene studies include inducible nitric oxide synthase gene (25) , intracellular adhesion molecule-1 gene (26) , and aldose reductase gene (27) . The transforming growth factor-␤ gene has shown evidence of association only with proliferative retinopathy (28) . A previous candidate gene study in the Pimas reported a modest association between retinopathy (as assessed by fundoscopy) and a polymorphism in the promoter region of the plasminogen activator inhibitor 1 gene on chromosome 7 (29) . None of these genes, however, map to the area of linkage identified in the current study.
In linkage studies, it is customary to require particularly stringent levels of statistical significance. A LOD score Ͼ3 (locus-specific P Ͻ 0.0001) is conventionally considered statistically significant linkage, whereas a LOD score Ͼ2 (locus-specific P Ͻ 0.0012) is considered suggestive but not definitive evidence for linkage (30) . A previous affected sibpair analysis in a subset of the individuals in the present study showed tentative linkage on chromosomes 3 and 9 (13); however, these regions did not show linkage in the current study. The previous study included a fairly small number of affected sibling pairs (n ϭ 103, comprising 156 individuals, all of whom were included in the present study), and the LOD scores did not achieve levels that were suggestive of linkage by conventional criteria. The present analysis is presumably more powerful because it includes data on a larger number (n ϭ 607) of individuals and because the LOD score on chromosome 1p is considered suggestive of linkage. The present analyses also incorporated information about severity of retinopathy based on fundus photographs, the more severe levels of which tend to be more familial than simply the presence of any retinopathy, which was the phenotype analyzed in the previous study. This is in keeping with results from Mexican-American families in Texas, where higher ORs were found for more severe retinopathy within siblings than for milder disease (11) . It is possible that the differences between the two analyses are explained by interactions with other factors (such as duration of diabetes) or, All LOD scores Ն1.
DIABETIC RETINOPATHY GENOME-WIDE LINKAGE
given the relatively small sample size, by chance. Ultimately, replication studies in other populations will be required to more firmly establish susceptibility loci for diabetic retinopathy. For variance components modeling, a normal distribution of the phenotypic measure is assumed, although the method is robust to moderate violations of normality (17, 18) . Although retinopathy was treated as a continuous variable in this study, the distribution of retinopathy scores was highly skewed, because the majority of subjects had no retinopathy at their examination. Because of the severely skewed distribution of retinopathy scores, data were normalized (after adjustment for age, sex, and duration of diabetes) before linkage analysis. The normalization procedure ensures that the assumptions of normality are met, although it may compromise the power somewhat compared with analysis without normalization. The procedure allows for adjustment for important potential confounders such as duration of diabetes. The use of variance components analysis assumes that the same 
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gene(s) are responsible for retinopathy in general. However, it is quite plausible that there are genes that cause a susceptibility to proliferative retinopathy, for instance, that are not involved in the susceptibility to nonproliferative retinopathy. The OR analysis certainly suggests a stronger familial risk for severe retinopathy compared with any grade of retinopathy. Because retinopathy is also highly dependent on diabetes duration, subjects studied at short durations without retinopathy may still have the genes for retinopathy susceptibility. An affected sibpair analysis might be a preferable method if this is the case rather than adjustment of the retinopathy grade for diabetes duration as is done here. However, we do not present data here for affected sibpair analysis because the number of affected (any retinopathy) sibpairs was low (n ϭ 98), and thus the analysis lacked adequate power.
To assess how diabetic retinopathy in the Pima Indians is representative of diabetic retinopathy in the wider population, we can look at previous reports of prevalence, incidence, and progression. Estimates of the prevalence of diabetic retinopathy vary between studies. A recent analysis of pooled studies estimated a crude prevalence of retinopathy of 40.3% in adults aged Ն40 years with diabetes (31) . Estimated prevalence tends to be higher among subjects with type 1 diabetes than in subjects with type 2 diabetes. In the Wisconsin Epidemiology of Diabetic Retinopathy (WESDR) cohort, the prevalence of retinopathy in the first 2 years after diagnosis of type 1 diabetes was 7%, rising to almost 100% after 15 years (32). In the WESDR cohort of patients with type 2 diabetes not treated with insulin, prevalence was higher: 23% for 0 -2 years' duration and 57.5% at Ͼ15 years' duration of diabetes (33) . There are also reports of differences in prevalence of retinopathy according to ethnicity, with a higher prevalence reported among Mexican Americans (41.3%) and non-Hispanic blacks (30.4%) than in non-Hispanic whites (15.5%) at a diabetes duration of 5-14 years (34) . Prevalence of diabetic retinopathy among Pima Indians is estimated at 37.8% with a mean duration of diabetes of 9 years (35) . The prevalence in this study is somewhat lower (25.5%). Reported incidence rates for diabetic retinopathy vary; the UK Prospective Diabetes Study (UKPDS) reported a 6-year cumulative incidence of 22% (3), whereas the WESDR study reported a 34 -47% 4-year cumulative incidence (36) . Among the Pima Indians, we previously reported a 4-year cumulative incidence of 16.8% (38) . Progression rates of existing retinopathy estimates range from 25 to 34% over 4 years in the WESDR cohort (37) , and the estimate is 29% in the UKPDS cohort (3). In the Pima Indians, we previously reported a progression rate of 23.5% over a mean period of 3.6 years (4). Studies of risk factors for retinopathy in the Pima Indians identified similar risk factors for incidence and progression of retinopathy as studies in other populations (4). Thus, we believe that genetic factors that influence diabetic retinopathy within the Pima Indians may well also be important in other populations.
The incidence of diabetic retinopathy is strongly related to diabetes duration (4, 5, 37) , and, therefore, the prevalence is higher when subjects are examined after longer durations of diabetes. The longitudinal study design allowed for subjects to be examined at varying durations of diabetes. Confounding by duration was minimized by selecting examinations nearest to 10-year duration, but a wide range of durations were included because many participants only had retinal photographs at other durations of diabetes. Differences in duration were accounted for by adjusting for duration by linear regression. It is possible that genetic factors have a stronger influence on early predisposition to retinopathy or the development of more severe retinopathy, but there were insufficient members with early-onset severe retinopathy to assess this in the present study. Because only ϳ4% of the cohort had moderate nonproliferative retinopathy or worse, our observations are primarily limited to relatively early stages of retinopathy and may not describe genetic factors associated with more severe disease. Early retinopathy may be confounded by retinopathy due to other causes (i.e., hypertensive retinopathy) and thus be unrelated to the diabetic process. The phenotype analyzed may also affect the results. The current study presents both worse eye and mean eye scores, and the results are similar, although the peak of linkage is stronger for the worse eye. The mean eye score has the advantage of using information from both eyes, which allows the phenotype to distinguish subtle differences in retinopathy between subjects that may be missed by using the worse eye. However, the worse eye score rather than the average eye score may provide more information on the genetic propensity to the disease if the differences in score between the eyes are primarily due to differences in other factors such as variation in blood pressure in the vessels of each eye. Regardless of which phenotype is used, there are still limitations to the assessment of severity because the current grading system does not differentiate severity of retinopathy as finely as is possible with more retinal views or by more precisely defining a range of severity (i.e., a single microaneurysm is graded the same as eight micro- aneurysms). Such imprecision in the grading could affect power.
The peak of linkage on the short arm of chromosome 1 has not been studied previously for genes associated with diabetic retinopathy. Although the 1p36 region is rich in genes, many have not yet been fully characterized. Figure  2 shows a diagram of identified genes that fall between the markers D1S228 and D1S522, which defined our linkage peak in the single-point analysis with the peak of linkage found at marker D1S3669 (diagram created using data from the National Center for Biotechnology Information Web site at http://www.ncbi.nlm.nih.gov as of August 2006).
Of the identified genes in the area, those coding for the peptidyl arginine deiminases ([PADI] 1, 2, 3, 4, and 6; Fig.  2, D-H) , CASP-9 (Fig. 2, h) , CLCN-Ka, and CLCN-Kb (Fig.  2, r and s) are close to our peak of linkage and offer possible mechanisms for diabetic retinopathy. PADI converts arginine residues to citrulline residues. PADI 2 is expressed in the brain, is found in retinal tissue (38) , and may play a role in the pathogenesis of multiple sclerosis (39) . PADI 4 is expressed primarily in neutrophils and eosinophils (40) and is associated with rheumatoid arthritis (41) . Recently, PADI 4 was reported to regulate histone argine methylation and thus could potentially play a broader role in gene expression (42) . CASP-9 codes for caspase-9, which is activated by the release of cytochrome c from the mitochondria and itself activates other caspases to induce cell apoptosis (43) . In vitro, advanced glycosylation end products induce apoptosis in bovine retinal pericytes, and this effect was inhibited by the use of caspase inhibitors, including one specific to caspase-9 (44). The CLCN-Ka and CLCN-Kb genes code for a kidneyspecific chloride channel. A functional mutation in the CLCN-Kb is associated with hypertension (45) . However, in this study, the correlation between retinopathy score and blood pressure is modest.
This study suggests that diabetic retinopathy is modestly heritable in Pima Indians with type 2 diabetes. It also demonstrates that an area of chromosome 1, which has not previously been studied in relation to diabetic retinopathy, has suggestive evidence of linkage. Further linkage studies of diabetic retinopathy may help to define the role of this locus in other populations. Association studies of candidate genes in the region, such as CASP-9, PADI 4, and CLCN-Kb, may also be informative.
